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Abstract: Earthquake-induced soil liquefaction is a catastrophic phenomenon that can damage exist-
ing building foundations and other structures, resulting in significant economic losses. Traditional
mitigation techniques against liquefaction present critical aspects, such as high construction costs, im-
pact on surrounding infrastructure and effects on the surrounding environment. Therefore, research
is ongoing in order to develop new approaches and technologies suitable to mitigate liquefaction
risk. Among the innovative countermeasures against liquefaction, Induced Partial Saturation (IPS) is
considered one of the most promising technologies. It consists of introducing gas/air bubbles into the
pore water of sandy soils in order to increase the compressibility of the fluid phase and then enhance
liquefaction resistance. IPS is economical, eco-friendly and suitable for urbanised areas, where the
need to reduce the risk of liquefaction must be addressed, taking into account the integrity of existing
buildings. However, IPS is still far from being a routine technology since more aspects should be
better understood. The main aim of this review is to raise some important questions and encourage
further research and discussions on this topic. The review first analyses and discusses the effects of
air/gas bubbles on the cyclic behaviour of sandy soils, focusing on the soil volume element scale and
then extending the considerations to the real scale. The use of useful design charts is also described.
Moreover, a section will be devoted to the effect of IPS under shallow foundations. The readers will
fully understand the research trend of IPS liquefaction mitigation and will be encouraged to further
explore new practical aspects to overcome the application difficulties and contribute to spreading the
use of this technology.
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1. Introduction

The term soil liquefaction can be elucidated as the transformation of saturated granular
soils from a solid to a liquid phase due to the consequences of excess pore water pressure
increases during earthquakes or other forms of rapid loading, resulting in a concurrent
decrease in soil’s effective stresses. The loss of contact between soil particles and then a
fluid-like behaviour of soils [1-3] causes severe damage in operational facilities and natural
ecosystems, with considerable economic and human losses.

The calamity of liquefaction can be reduced by adopting a suitable ground improve-
ment technique to increase the liquefaction resistance of potentially liquefiable soils.

Several techniques to mitigate liquefaction risk have been proposed and used for many
decades, but each of them presents critical aspects, such as high construction costs, impacts
on surrounding infrastructure or effects on the surrounding environment. Sharma et al. [4]
discussed widely the advantages and problems associated with traditional countermeasures
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against liquefaction. For example, soil densification—through dynamic compaction, vibro-
floatation, sand compaction piles, blasting and compaction grouting—is generally energy-
intensive and has a great impact on surrounding infrastructures. Moreover, especially
for dynamic compaction, the method is applicable to shallow layers (up to 10 m from the
ground surface) [4]. Soil replacement, which consists of adjusting the grain size distribution
of soil prone to liquefaction through the excavation and removal of liquefaction susceptible
soils, is generally not suitable for large construction sites, and the transportation costs
may be high. Conventional grouting requires cement and chemical grouts, which are
environmentally unfriendly. Some grouts can show poisoning effects and contaminate
soil and groundwater [5]. Drainage systems promote the dissipation of excess pore water
pressure but plugging of drains causes a reduction in their effectiveness over the years.
Moreover, they do not eliminate settlements due to shaking. Similarly to drainage systems,
the decrease in the degree of saturation of soil susceptible to liquefaction can decrease the quick
dissipation of excess pore water pressure. The decrease in the degree of saturation can
be achieved by lowering the groundwater table (dewatering), but the pumping must be
maintained continuously. It makes the method difficult to apply and expensive. However,
the degree of saturation of liquefiable soils can also be reduced by introducing air/gas
bubbles into the pore water phase, thus inducing partial saturation.

Unlike conventional techniques, the decrease in the degree of saturation of liquefiable
soils through the introduction of air/gas bubbles into pore water—called the Induced Partial
Saturation (IPS) technique—does not seem to present critical issues linked to high costs,
environmental aspects or impact on surrounding infrastructure. Sharma et al. [4] indicated
possible problems as the “applications difficulties”. Although the in situ application
of this technology poses various challenges, these drawbacks can be overcome through
research, which is rapidly evolving in this topic. Since the advantages seem to prevail
over the associated problems, IPS is considered one of the most innovative and promising
techniques to mitigate liquefaction risk. This review offers an overview of IPS, raising
some important questions and discussions about the main challenges of this technique.
Researchers will fully understand the research trend in order to explore new aspects of IPS
and simplify its in situ applications.

2. Degree of Saturation in Sandy Soil Deposits

In natural deposits, the state of saturation differs according to the configuration of air
distribution in soils, as can be seen in Figure 1a (from [6]).

The soil layers well above the current groundwater level are generally unsaturated,
where pores are filled with air and water meniscus, and pore water pressures are negative.
The continuous air phase is prevalent, and large matric suction, defined as the difference
between the pore air and pore water pressures, is present due to the surface tension at the
pore air and pore water interfaces. The surface tension tends to interact with soil structures,
and this affects the mobilisation of shear strength [7]. In this case, Terzaghi’s principle does
not hold, and more complex expressions should be used [7,8]. In response to the increase
in confining stress, the matric suction gradually reduces. The soil layers well below the
groundwater level are often fully saturated, where all interparticle pores are completely
filled with water, and pore water pressures are positive relative to atmospheric pressure.
Additionally, the soil layers below the groundwater level can be in a partially saturated state
with entrapped air bubbles, which can occur naturally (e.g., biological activities [9]; pore
fluid pressure drop or generally fluctuating water table) or artificially (e.g., air injection).
Partially saturated or quasi-saturated soils have lower degrees of saturation (S;) than saturated
soils due to the existence of air bubbles trapped within the pore fluid. The diameters of the
bubbles are generally smaller than or the same size as the soil particles. In such conditions,
surface tension is generally ignored [10]. It is assumed that the bubbles in discrete forms fit
into the void spaces without interacting with the soil structure; in other words, Terzaghi’s
principle still holds because suction has no mechanical effects on the soil skeleton. The



Geosciences 2024, 14, 140

30f31

validity of Terzaghi's effective stress principle was also demonstrated experimentally by
Finno et al. [11].

(a)
D:Soil particle . : Water ’:] T Air

Air entry

4 | ) Boudary effect stage
; value JCER!
S \_/ % Saturated/partially
T 3

saturated soils

. i Transition stage
R@s1dual Unsaturated soils
suction value
Residual stage
Unsaturated/dry soils
S

(b)

Figure 1. Air distribution in sandy soil deposits (a) (PWP: pore water pressure; GW: groundwater

v

table; modified after [6]) and Soil Water Retention Curve showing different systems of naturally
non-saturated soils (b).

As reported by Kohogo et al. [12], these three systems (unsaturated, partially and
fully saturated) in soils can be distinguished by the air entry value (AEV) and residual matric
suction value in the Soil Water Retention Curve (SWRC), which describes the relationship
between suction and saturation degree. As reported by Fredlund [13], the SWRC can be
divided into three stages: the boundary effect stage, the transition stage and the residual stage
(Figure 1b).

—  In the boundary effect stage, pore air only exits as air bubbles surrounded by water
(partially saturated soils). Suction is lower than the air entry value, recognized as
the suction state where the entrance of air into the largest soil pore is first permitted
during the desaturation of saturated soil [14]. This stage is also known as the insular
air saturation condition.

—  In the residual stage, menisci formed around grain contact points are relevant. This
stage is also known as the pendular saturation condition.

—  In the transition stage, there is an intermediate condition between the above stages.
This stage is also known as the fuzzy saturation condition.
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However, it is important to highlight that SWRCs present hysteretic behaviour. In
other words, drying and wetting curves are different due to the “ink-bottle” and “rain-drop”
(contact angle difference) effects during the drying and wetting processes [15]. Indeed, a
fully saturated sand (a) can follow two different desaturation paths (Figure 2). In a drying
path, the soil is allowed to drain under increasing suction from (a) to (b) and (c), continuing
to a residual water content at point (d). Desaturation can also follow path (a) to (f), where
discrete air bubbles are introduced with zero suction and can eventually grow and move
towards point (g), although the shape of this path is not known. In the wetting path, water
can be introduced to the soil starting from any point on the drying path (e.g., point d),
leading to point (e) with occluded air bubbles [16].

D: Soil particle . : Water D : Air

'l ) Boudary effect stage
n Saturated/partially

IPS saturated soils

— Drying

---- Wetting I Transition Sfage
) Unsaturated soils
L Desaturation /]
> o / . Residual stage
T Unsaturated/dry soils
S

Figure 2. Sketch of SWRC and three-phase soil element (modified after [16]).

It means that in Induced Partial Saturation (IPS), the desaturation path (red dashed
line in Figure 2) is generally followed. Therefore, degrees of saturation lower than S, in
correspondence with the AEV (point b in Figure 2) can be reached while maintaining
quasi-saturated conditions (occluded air/gas bubbles). Among others, Grozic et al. [17] and
Zeybek and Madabhushi [6] indicated Sr = 80% as the threshold value between unsaturated
and partially saturated conditions.

3. Equivalent Compressibility and Effects of Air/Gas Bubbles on Cyclic Behaviour
of Sands

The presence of gas/air bubbles in the pore water of soil can significantly modify the
bulk modulus of the pore fluid.

When air/gas is in the form of occluded bubbles, the gas bubbles and pore water
behave like a homogeneous compressible fluid, and the surface tension effect becomes
inconsiderable. Several relationships have been introduced in the literature to evaluate
the compressibility of the fluid phase [18-26]. However, the most used relationship is one
proposed by Fredlund [19]. Fredlund [19], using the classic concepts of mass conservation
and Boyle’s and Henry’s laws to define the compressibility of miscible gas—fluid mixtures
in the pore fluid phase of partially saturated soils, proposed the following equation for
pore fluid compressibility to simulate the presence of air bubbles in the pore water:

1-S, h-S,
Ug + P, ug + P’

,3 = Sr' ﬁw + (1)
where S; is the degree of saturation, (3, is the water compressibility (4 X 10~7 1/kPa),
h is the volumetric coefficient of solubility (generally assumed 0.03 for air), u, is the air
pressure, and P, is the atmospheric pressure (101 kPa).
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Equation (1) introduces the three sources that contribute to the compressibility of
gas-liquid mixtures. The first term is related to the compressibility of pore liquid. The
second term is related to the compression of pore gas, which, according to Boyle’s law,
is proportional to the absolute pore gas pressure (i.e., the term ua + Pa). The last term is
related to the dissolution of gas, which is controlled by Henry’s law and the coefficient of
solubility h.

In Figure 3, 3 has been plotted with pore air (relative) pressure and degree of saturation.
It can be noted that for higher values of u,, the compressibility of fluid phase tends to get
constant, while a linear trend is observed for the relationship S;—.
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Figure 3. Compressibility of fluid phase versus pore air pressure (a) and degree of saturation (b).

Equation (1) takes into account the nature of the gas through the term h. Indeed,
different gases present different solubility in water (h is 0.032 for O, 0.04 for CHy, 0.15
for N and 0.83 for CO; at T = 20 °C). The solubility of gas in water is ruled by Henry’s
law. It states that the gas pressure Py (partial pressure when a single gas species is taken
into account) is directly proportional to the concentration of the gas in the water phase C,
through Henry’s constant Ky, according to the following equation:

Py = Ky-Ca. (2)

It should be mentioned that the volumetric coefficient of solubility (h; Equation (1)) is
linked to Ky according to the following relationship:

1
h= K—H-R-T, 3)
where R is the ideal gas constant (0.0821 l-atm/(mol-K)), and T is the temperature in Kelvin.
As reported by Fredlund [19], the rate at which air dissolves into water is described by
Fick’s Law of diffusion, where the driving force is a concentration or density difference
between the free air and the air in the ‘cages’ in the water.

In Figure 4, the effect of h on Equation (1) is showed. Carbon dioxide (CO,) exhibits
higher compressibility due to its higher solubility in water. Moreover, 3 seems to be roughly
constant with S;. On the contrary, for lower value of h, 3 decreases faster with S;.

Equation (1) implies that partially saturated sands can change the volume under
undrained conditions due to the finite compressibility of pore fluid. The increments of
volumetric strain (dey) can be computed as follows:

dey = du-Bn, (4)

where du is the increment of pore pressure, and # is the porosity of the soil.
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Figure 4. Effect of solubility of gas on the compressibility of fluid phase (a) and zoomed-in details (b).
Okamura and Soga [27], applying Boyle’s law, computed the maximum volumetric
strain of the soil when the effective stresses become zero (i.e., u, = uyw = 0), neglecting
all possible effects of air dissolution into water. The maximum volumetric strain is called
potential volumetric strain (ev*).
* €0 U
et = (1-5 (1——’), 5
v 1+eo ( rO) o ®)
where e, Sy and u, o are the initial void ratio, degree of saturation and pore air pressure,
respectively, and o is the total stress. As expected, Equation (5) indicates that e,* increases
when S; decreases. During earthquakes, the increase in pore water pressure leads to the
compression of air bubbles and then an increase in the volumetric strains of soils. In
other words, the degree of saturation changes. However, it should be specified that the
attainment of the potential volumetric strain does not necessarily correspond to a full
saturation condition (Sr = 100%) of soils. In Figure 5, the results of cyclic triaxial tests on
partially saturated specimens have been plotted in terms of degree of saturation with the
applied number of constant amplitude stress cycles (Neyc) [28].
110 SAS 110 ¢ GSS
— 100 £--——- JULLYSATURATED _____ —~ 100 e TILYSATURATED -
X X
~ ~ 90
v %
80 +
70 -+
60 + 1 1 1 1
0 5 10 15 20
cyc
(b)

Figure 5. Degree of saturation with Ny for Sant’Agostino sand (SAS) (a) and Pieve di Cento sand
(GSS) (b) [28].

4. Laboratory Tests on Partially Saturated Sandy Soils

To explore the effect of air/gas bubbles on the liquefaction behaviour of sands, lab-
oratory tests are generally performed. Since they reproduce in situ soil conditions and
control the variables that play an important role in soil behaviour, they allow us to better
understand the mechanisms in soils under particular conditions (i.e., liquefaction).

Generally, cyclic triaxial or simple shear tests are performed to investigate the lique-
faction strength or the accumulation of excess pore water pressure during undrained cyclic
phase [27,29-34]. Shaking table [35-39] or centrifuge [40—44] tests should be preferred
when interactions with structures (i.e., shallow foundation and, pipelines) are considered.
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4.1. Preparation of Partially Saturated Specimens

One of the challenges in the study of liquefaction behaviour of partially saturated
soils is the preparation of specimens. Bao et al. [45] summarized the main techniques into
four categories: air injection, biogas produced by bacteria in the soil, electrolysis, sand
compaction pile and chemical methods.

Air injection is mainly suitable for shaking table or centrifuge tests rather than cyclic
triaxial or simple shear tests. It consists of injecting pressurized air into the pore water of
saturated soils. Generally, air injectors are used at the base of the model. As reported by
Marasini and Okamura [41], special attention must be given to the air injection pressure so
that soil grains are not disturbed by the airflow. Ogata and Okamura [46] suggested that
the injection pressure should not overcome Piyjmax, calculated as follows:

Pinj,max = Phyd + 0-5"7/6 (6)

where Ppyq is the hydrostatic pressure, and o’ is the effective vertical stress at the depth of
the air injector.
However, air injection pressure should be higher than Pjyj min, defined as follows:

Pinj,min = Phyd + AEV (7)

where AEV is the air-entry value as defined in §2.

Zeybek and Madabhushi [42] suggested gradually increasing air injection pressure
under existing buildings to avoid unacceptable settlements during the injection process.
It is worth noting that the desaturation of soils beneath existing foundations requires a
well-controlled air injection process and close monitoring of foundation response.

Zeybek and Madabhushi [43] performed several centrifuge tests to study the lique-
faction response of air-injected partially saturated soils beneath shallow foundations. The
model layout is reported in Figure 6a. Air was injected at the base of the model. Through
2D digital images captured on the side of saturated (Figure 6b) and partially saturated
(Figure 6¢) soils, Zeybek and Madabhushi [43] investigated the uniformity of air distribu-
tion in centrifuge tests. The images illustrate how the colour of soils tended to change with
the injection of air. It is observed that the colour of the soil was much lighter in the portion
of soils with air bubbles. The shape of the effective partially saturated zone, indicated by
the broken curves, was an almost parabolic U, and it was approximately symmetrical. It,
however, appears that the air bubbles were retained erratically, and the partial saturation
was not completely uniform, even within the effective partially saturated zone. Indeed,
pore fluid softening through gas injection is limited by the percolation of air bubbles along
preferential paths formed by interconnected large pore throats, thus failing to create a
homogeneous distribution of small bubbles.

It should be mentioned that during injection, air tends to float up and escape into the
atmosphere; only a part of the air remains within the pores of the soil. The volume of air in
the soil can be estimated by observing the increase in residual water level.

Another innovative technique to induce partial saturation in soil is the metabolic
activity of bacteria, which generate biogas. Gas produced by microorganisms can reduce
the degree of saturation to 80-95%. Gas production tends to mimic bacteria population
growth rates and, therefore, can be controlled by limiting bacterial activity through nutrient
availability and environmental conditions such as temperature, among other factors [47].

As reported by Rebata-Landa and Santamarina [48], the most common biogenic gases
found in near-surface soils are CO,, Hy, CHy, and N,. Carbon dioxide (CO,) has high
solubility in water, causing short residency time; methane (CHy) is a greenhouse gas, and
both methane and hydrogen (H;) are combustible. By contrast, nitrogen gas (N,) presents
several advantages within the scope of this investigation: it is neither explosive nor a
greenhouse gas, and its solubility in water is very low (§ 2), so less gas is needed to produce
bubbles, and the bubbles will remain undissolved for longer periods of time. According to
Rebata-Landa and Santamarina [48], nitrate can be reduced in the environment through the
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direct path of ammonification, in which the product is ammonia, or it can take the indirect
path of respiratory denitrification, in which case the products may be nitric oxide, nitrous
oxide, and nitrogen gas; the two paths are shown in Figure 7.

- o~ " H
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| Lz and control markers | :
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Figure 6. Centrifuge model layout (a) and colour of fully saturated soil (green) (b) and partially
saturated soil (yellow) (c), where brighter yellows indicate lower degrees of saturation (modified
after Zeybek and Madabhushi [43]).
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Figure 7. Nitrate and nitrite reduction [48].

Electron donors (generally organic compounds) are used to trigger the denitrification
process. He et al. [49,50] suggested using methanol (CH3OH), ethanol (C,HsOH) or sodium
acetate (CH3COONa). The reactions are as follows:

5CH30H + 6NO; — 3N, +5CO, +7H,O + 60H ™, (8)

and
5CHs0H +12NO5; — 6N, +10CO; + 9H,0 +120H™, 9)
5CH3COO™ +8NO; — 4N, +10CO; + H,O +130H ™. (10)

Wang et al. [51] proposed to use glucose (CgH120¢) as an electron donor, with the
reaction given as follows:

5CeH1206 4+ 24NO3 — 12N, +30CO; + 18H,0 + 240H ™. (11)

However, regardless of the electron donors and the subsequent reactions triggered,
treatment using biogas can make smaller and more evenly distributed gas bubbles in pore
water, which are less likely to escape from the soil [45] compared to air injection methods.

He et al. [49] used computer tomography (CT) to observe microbially desaturated soil
samples. In Figure 8a,b, the sample is saturated, and the distributions of sand grains and
pore voids are uniform. In Figure 8c,d, the sample is desaturated to a saturation degree of
94%. Pockets of pores, shown as dark patches in the images, are slightly larger than the size
of a sand grain (the mean size of the sand grains is 0.4 mm). The dark colour of the pockets
indicates that the pockets consist of gases or a combination of gases and water. However,
the uniformity of bubbles in a microbial-desaturated sand column seems to be good. This
method has been used to desaturate specimens for cyclic triaxial tests [50,51], cyclic simple
shear [52,53] or shaking table tests [36,39].

Another method to generate oxygen and hydrogen gases in sand using water electroly-
sis was developed by Yegian et al. [54]. Practically, electrolysis consists of the ionization
of hydrogen and oxygen gases when an electrical current is passed through water using
electrodes. As reported by Yegian et al. [54], electrolysis was selected as an efficient appli-
cation to induce partial saturation since it introduces gas into the soil pores without the
application of any pressure. Oxygen and hydrogen are produced through water electrolysis
at the anode and cathode, respectively, following the ensuing chemical reactions:

4H,0 +4e~ — 40H™ + 2H; (cathode) (12)

and
2H,0 — 4e~ — 4H' + O, (anode). (13)

It is conceptually important to underline that since Hj is produced during the elec-
trolysis process, its quantities must be lower than critical quantities because hydrogen is
considered the most unstable gas with respect to safety explosion hazards. Thus, gases
produced via electrolysis should be sufficient to ensure the target increment in liquefaction
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resistance and, concurrently, they must be lower than specific quantities with respect to
safety hazard issues.

5 mm

(d)

2 . 7 Cross-section L_Smm_ |

1- 1" Cross-section 5 mm

Figure 8. Computer tomography (CT) images of saturated (a,b) and desaturated (c,d) soils with
Sr = 94% [49].

Desaturation through electrolysis has been used in shaking table tests [54]. Among
several techniques, this one results in a probably high-cost application, and as pointed out
by Eseller-Bayat et al. [37], the current application leads to a non-uniform distribution of
gas bubbles within sand specimens.

An alternative approach to achieving partially saturated conditions lies in the employ-
ment of chemical compounds able to generate gas bubbles. To this aim, Eseller-Bayat et al. [37]
proposed to use sodium perborate monohydrate (NaBO3-H,O). This chemical compound,
also known as PBS-1, is able to generate oxygen through the following chemical reaction
with water:

2(NaBO3-H,0) + 2H,0 — 2Hy0, 4+ 2BO; > + 2Na™ + 4H* (14a)

and
2H>,O, — 2Hp + O5. (14b)

From a chemical point of view, sodium perborate monohydrate reacts with water
and generates hydrogen peroxide (H;O,), which is a ready source of oxygen gas. Hence,
through the chemical reaction reported in Equation (15), O, gas is formed, and partially
saturated conditions can be achieved. Operatively, Eseller-Bayat et al. [37] carried out wet
pluviation of dry sand + PBS-1 to set up partially saturated samples. After preparation, a
high-resolution camera was used to assess the uniformity of the desaturation process. As
shown in Figure 9, the use of sodium perborate monohydrates ensures a good distribution—
in terms of uniformity—of the oxygen-generated bubbles. Moreover, it can be used to
achieve degrees of saturation lower than 80%.



Geosciences 2024, 14, 140

11 of 31

25

St "y
= Sl s 1
Ave, bubble size = 0.1- 0.3 mm

Ave. equivalent void size = 0.6 mm
Ave. particle size =0.42 mm

Figure 9. High-resolution image of a partially saturated specimen prepared with wet pluviation
(Sr=77%) [37].

Recently, Zeybek [55] proposed using a denture cleanser to desaturate soil in a 1-g
shaking table. It can easily dissolve in water and produces a significant amount of oxygen
bubbles at the end of the chemical reaction. Further studies are needed.

Among the desaturation methods described above, it should be mentioned that in soil
element tests, partially saturated specimens can also be achieved through flushing [31,34] or
by imposing different values of back pressure to have different S, [32,56]. Moreover, Vega-
Posada et al. [57] developed a procedure that consists of replacing pore fluid in a saturated
specimen with CO,-saturated water. Thereafter, the back pressure in the specimen was
gradually decreased while the applied pg was kept constant, thus forcing CO, to come
out of the solution in the form of occluded bubbles. This procedure has also been used by
Finno et al. [11].

4.2. Estimation of the Degree of Saturation

To assess the degree of saturation of specimens in element testing (i.e., triaxial tests),
the B-test can be performed.

This measurement, carried out under undrained conditions, represents an integral
response of the specimen under the increment of the total stresses in radially symmetric
conditions and can be experimentally found as B = Au/Ao easily. On the other hand, the
B-value can be theoretically expressed as follows [58]:

1

P o
14+ n-gt
Ky

B (15)

where 7 is the porosity, Ky, is the bulk modulus of the soil skeleton, and K is the bulk
modulus of the pore fluid. In partially saturated specimens, the equivalent bulk modulus
of the pore fluid, K, is given using 1/ (Equation (1)). With such a basis, by neglecting
the solubility of air/gas in water (h = 0, in Equation (1)), B can be linked to the degree of
saturation [59]: .

= 1+n% +n'uﬂ1j»hp,,’(1f5r)'

B

(16)

As an example, the relationship between S; and B is reported in Figure 10. It can be
noted that for higher S;, B-value sharply increases.
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Figure 10. Relationship between S; and B-value (Equation (16)).
Astuto et al. [60] proposed Equation (17) to estimate S; from B-value:

{B- [1 +n~1<b~(K1—w + ﬁ)} - 1}
B-T’l'Kb

S, = (g + D). (17)

Many authors have used a simplified theoretical relationship based on the P-wave
velocity linked with the biphase nature of the pore fluid and the B-value [61]:

1

s 3G+ )

= ) (18)
(1 —mn)-ps +n-pg

where (1 — n)ps + npg is the total density of the soil, and Gy is the maximum shear modulus.
Hence, since the equation relates V, with B-value, and the latter is connected to S; in turn,
a direct link could be derived between Vp and S;.

Therefore, a direct link between V}, and S; is obtained by substituting Equation (16)
into Equation (18). Note that both equations include the bulk modulus of the soil skeleton,
denoted as K}, and K}, ¢ for Equations (16) and (18), respectively. The above is because
B-tests are related to a higher strain level than that referred to in bender element tests.

As an example, the relationship between S; and P-wave velocity is reported in
Figure 11 [62]. As known, when V,, is higher than 1500 m/s, the soil can be consid-
ered saturated.

1600

@

1200
£ 00 "::o
(=)
> o o0

LU W
0
90%  92%  94%  96%  98%  100%

S

T

Figure 11. Relationship between Sr and P-wave velocity (modified after [62]).

However, it has been reported that the non-uniform distribution of pore water, the size
of air bubbles and their distribution within the soil specimens affect V, significantly [63,64].
In Figure 12, the effect of bubble diameter on the relationship S,-V}, is plotted. The P-wave
velocity increases with a decrease in the air bubble size. This tendency is significant when
the air bubble size is less than about 0.005 mm. It means that the relationship between V,,
and S; should be used with care.
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Figure 12. Effect of bubble diameter on the relationship between Sr and P-wave velocity [64].

4.3. Liquefaction Resistance of Partially Saturated Sands

The Induced Partial Saturation (IPS) technique consists of introducing occluded
air/gas bubbles into the continuous water phase of sandy soils. Despite a small reduction
in S; (typically higher than 80%), laboratory tests have demonstrated that liquefaction
resistance largely increases (e.g., [27,29,31-34,36,37,54,65-71]). This is due to the higher
compressibility of the fluid phase of partially saturated sands compared to saturated
ones. Indeed, the occluded air/gas bubbles play a role in absorbing generated excess
pore pressures by reducing their volume [27]. These air/gas bubbles work like a damper,
decreasing the earthquake-induced pore water pressure build-up, delaying the attainment
of liquefaction, and consequently increasing soil liquefaction resistance.

In laboratory settings, results are usually interpreted in the N¢yc vs. CSR plane, where
Neyc represents the number of constant amplitude stress cycles applied, and CSR the Cyclic
Stress Ratio is defined in cyclic triaxial tests as follows:

CSR = 14 (19)

where qgq is the cyclic deviatoric stress, and o’ is the effective confining stress.

Niiq is the value of Ncyc needed to reach liquefaction for a given value of CSR. For
N = Nj;q, the applied cyclic stress ratio represents the Cyclic Resistance Ratio CRR. The
locus (Njiq:CRR) identifies the Cyclic Resistance Curve. Conventionally, it is assumed that
liquefaction in saturated soils is triggered at 5% double axial strain amplitude for cyclic
triaxial tests and 7.5% double shear strain amplitude for cyclic simple shear tests (strain
criterion), or at ry, = 0.90, where r, the pore pressure ratio (=Au/0c’) (stress criterion),
with Au being the excess of pore water pressure and o’ the effective confining stress.
Wau et al. [72], Lirer and Mele [1], and Mele [2] demonstrated that for saturated loose sands,
strain and stress criteria generally exhibit the same number of cycles to liquefaction. On the
contrary, for S; lower than 100%, the two criteria demonstrate different results, as shown
by Mele et al. [73]. Mele et al. [73] reported the difference between the number of cycles at
liquefaction of non-saturated sands achieved with strain and stress criteria versus S; for
cyclic triaxial tests (Figure 13).
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Figure 13. Difference between Nj;q evaluated according to stress and strain criteria against the degree
of saturation (modified after [73]) (a) and zoomed-in range of S, for IPS (b).

According to Mele et al. [73], the discrepancy between stress and strain criteria in
terms of NJ;q in non-saturated sands could be due to the fact that in undrained cyclic tests
on fully saturated sand, the development of axial strains corresponds to the development
of shear strains y, without causing any development of volumetric strains. It means that ¢,
is responsible for the generation of pore pressure, and a direct correspondence between
Njiq evaluated with stress and strain criteria exists. On the contrary, in non-saturated sandy
soils, e, contributes to the development of shear strain y as well as volumetric strain &y.
The latter, due to a higher compressibility of the fluid phase, is responsible for decreasing
excess pore pressure build-up. It means that a direct correspondence between the two
triggering criteria does not exist. Moreover, the difference tends to become important
when the degree of saturation decreases; as a matter of fact, volumetric strains increase,
and therefore, excess pore pressure build-up decreases. Although within the range of S,
between 80 and 99%, the difference in the number of cycles to liquefaction between stress
and strain criteria never exceeds 5 (Figure 13b); it is important to introduce a unique and
correct criterion to identify liquefaction in non-saturated sands, avoiding the misprediction
of liquefaction resistance for this kind of soils. Mele et al. [73] used apparent viscosity
to correctly identify the liquefaction triggering. Apparent viscosity, as defined by Chen
et al. [74], is a physically based parameter able to capture the state change from solid
to liquid that occurs when liquefaction is attained. The viscous approach confirms the
strain criterion. Therefore, the strain criterion (eps = 5% in cyclic triaxial tests) should
be preferred in partially saturated sandy soils to identify liquefaction triggering. Further
details may be found in Mele et al. [73]. Hereafter, liquefaction in non-saturated sands will
be identified in terms of strains.

In Figure 14, some liquefaction resistance curves of partially saturated sands are
plotted together with those of saturated soils. As expected, when the degree of saturation
decreases, liquefaction resistance curves move upwards, so liquefaction resistance increases.

0.50 Toyoura sand 0.50 Pieve di Cento sand (GSS)
0.40 0.40
o
0.30 0.30
Q ~
O 0.20 ® Sr=100% 6 0.20
0 Sr=98% . ®Sr=100%
0.10 @ Sr=96% 0.10 =01,
O Sr= ()
© Sr=909
0.00 Sr90% 0.00
1 10 100 1 10 100
Nliq qu
(a) (b)

Figure 14. Liquefaction resistance curves of partially saturated sands compared to those of saturated
ones: Toyoura sand ([27]; (a)) and Pieve di Cento sand ([31]; (b)).
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As mentioned above, the improvement of liquefaction resistance of partially saturated
sands compared to that of saturated soils is due to the higher compressibility of the fluid
phase. Indeed, partially saturated soils in the undrained cyclic stage exhibit volumetric
strains. Mele et al. [31] measured the volumetric strains of specimens, and in Figure 15a,
ey of three specimens is plotted against N¢yc. The three specimens present the same void
ratio (or Dr), effective confining stress (0’. = 50 kPa), and a similar degree of saturation
(S = 91%). Although the applied CSR is different, the tests reach a similar final volumetric
strain. Moreover, the strong link between the excess pore water pressure build-up and the
volumetric strain can be noted in Figure 15b. The curves ey—1 of the three tests overlap,
showing, once again, that the relationship is independent of CSR. In both Figures, &,* is the
potential volumetric strain defined by Okamura and Soga [27] (Equation (5)).

Pieve di Cento (GSS) sand GSS (8,291%)

12 ¢

S, = 91%
8 PS_GSS5
——PS GSS6
&6 i —psGss7
-~ g* =e,(Ny)
s T e e e &
2
0 - {
6
0 5 10 15 N 20

cye

(a) (b)

Figure 15. Volumetric strain with the number of cycles (a) and ry with ¢, (b) (modified after [31]).

4.4. Limitations of Cyclic Tests on the Liquefaction Behaviour of Partially Saturated Sands

Soil element testing is extremely useful for studying in depth the liquefaction be-
haviour of partially saturated sands. However, it should be mentioned that cyclic tests
present some issues. The main one is linked to the loading frequency.

When inertial forces are of no interest, the frequency usually adopted in laboratory
cyclic tests is usually lower than 0.5 Hz to reduce backlash problems during stress reversal,
whereas the highest energy content of real earthquakes is related to higher frequencies
(typically 1-10 Hz). In saturated soils, the lower frequency adopted in laboratory tests
to analyze liquefaction triggering is of no concern. In contrast, in quasi-saturated soils,
frequency may play a role: the increase in pressure within the bubbles during cyclic loading
increases gas solubility (in accordance with Henry’s law), and therefore, a gas flow from
the gas bubbles to the water is triggered (which is ruled by Fick’s laws), with a subsequent
reduction in the volume of the bubbles. The time allowed for such a flow is related to
the adopted loading frequency and rules the amount of gas dissolution. The lower the
frequency, the higher the amount, and therefore, the higher the volumetric strains. In other
words, cyclic tests could exhibit higher compressibility (due to the solubility of air/gas in
water) and then higher liquefaction resistance.

Mele et al. [31] compared the theoretical volumetric strain computed with Equation (5)
with the measured experimental values (Figure 16a). Especially for higher degrees of
saturation, the experimental values of volumetric strains are higher, probably indicating
the possible effect of loading frequency. Mele et al. [31] reported the relationship between
Ev,exp* /ey* and Sy (Figure 16b). According to them, to fit the final volumetric strain
measured in the laboratory (ev,exp*) at higher values of S;9, Equation (1) [27] can be modified
as follows:

« _ €0 (1 _ . B Ug 0 . .
€ = 1o (1= 50) (1= 728 f(Sn ), 20)

where {(S;9; w) is a function that theoretically should depend on both the initial degree
of saturation and the loading frequency w. In Mele et al. [31], using a constant frequency
(0.1 Hz), only the dependency on Sy can be considered. Further work should clarify the
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role played by frequency loading in cyclic tests. The best fit of the experimental results at
such a constant frequency was attained using the following expression of this function:
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Figure 16. Comparison between the theoretical and experimental volumetric strains (a) and ratio
between the experimental and theoretical volumetric strain with Sy (b) (modified after [31]).

In conclusion, cyclic tests on partially saturated soils should be used with care because
liquefaction resistance could be overestimated.

5. Parameters Ruling the Liquefaction Resistance of Partially Saturated Soils

For a long time, researchers have tried to find the parameter(s) ruling the liquefaction
resistance of partially saturated sands. Yoshimi et al. [67] identified the degree of saturation
(Sr) as the governing parameter in liquefaction of non-saturated soils. Further attempts
were made to investigate the role of Skempton’s value (B) for the equivalent fluid [67,75,76],
elastic wave velocity [32,33,69,77-79] or the volumetric strain ratio (Ry = €y 4ir/ €y o'; Where
Evair and €, - are volumetric strains due to the compressibility of pore air and reduction in
confining pressure, respectively) [29]. However, nowadays, one of the simplest and most
used parameters is the potential volumetric strain (e *) [27], already defined in Equation (5).
Okamura and Soga [27] linked the liquefaction resistance ratio (LRR ) to &y*:

LRRyp = log(6500-¢, + 10) (22)
where LRR 5 is the ratio between the liquefaction resistance of saturated and partially
saturated sands (CRRsat and CRRps, respectively) when Nijiq = 20.

Wang et al. [29] showed that the theoretical relationship reported in Equation (22)
can either overestimate or underestimate the experimental values of LRR 5, as shown in
Figure 17.

3.5 —Equation (22)
L ® SAS[28]
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S A Inagi [29]
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5 1.5 ¢ Toyoura [27]

<& Toyoura [70]
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0.5 O Niigata [69]
A Ottawa [51]
0.0 & PdC[31]
0 0.02 0.04 0.06 0.08 0.1 0.12 X Silica 5 [31]
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g

Figure 17. Comparison between the theoretical relationship proposed by Okamura and Soga [27] and
experimental data [28,29,31,32,51,68-70].
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Mele and Flora [80] proposed volumetric energy to liquefaction (Ey j;q) as a parameter
ruling the liquefaction resistance of partially saturated soils. Ey iq is a synthetic and sound
state parameter representing the work required to reduce soil volume, and it can be seen as
the sum of three components:

Ev,liq = Ev,sk,liq + Ew,liq +E (23)

air,liq”
where Ey g1 1ig, Ewjliq and Eqirliq represent the specific work conducted to cause the defor-
mation of the soil skeleton, the flow of water and the flow of air into the pore network,
respectively. They can be expressed as follows:

£€0,(Nlig)
Ev,sk,liq = /0 ! [(‘T - ua) + SSrO]'dfvr (24)
Sr,lig e(sr)
w,lig ./SrO 1 —i—e(Sr)S( r) s (25)
and
e Vai
Euir,liq = ﬁ(l - Sr,O)ua,liq (11‘1 V{W;O> : (26)
air,liq

Eyskliq depends on the stress state (0'ns, where the pedex indicates non-saturated
condition), the initial void ratio ey and the initial degree of saturation (S;9), while it depends
neither on CSR nor on Nj;q. Obviously, Ey g 1iq = 0 for undrained tests on saturated soils. In
Equation (24), dey is the increment in volumetric strain during undrained cyclic loading.
Equation (24) represents the area under the average curve of o'ns—¢y (Figure 18) for a specific
soil state and needs knowledge of the stress state at liquefaction 0”ns,1iq (Which is not nil
in the case in the case of partially saturated soils for which liquefaction is conventionally
attained at epa = 5%) to compute the corresponding extreme of integration &y (\iig)-

v,sk,liq

0 1 CHNTN: 4 5
g, (%)

Figure 18. E,  jiq in the ¢y—0'ns plane (modified after Mele et al. [31]).

In non-saturated conditions, liquefaction is attained before effective stresses become
zero. The value of effective stress at liquefaction will be named in the following as 0"y 1ig-
Mele and Flora [80], by applying a best-fitting procedure to experimental data, proposed the
following relationship between the ratio 0"y 1iq/ 0'ns,0 and the initial degree of saturation
(510, expressed in percentage):

o nslig

—21074.82) +2-1072:5,9 + 0.10. (27)
05,0

For 5,9 = 100%, Equation (27) gives 0"y 1iq/ 0'ns,0 = 0.10, consistent with the definition of
liquefaction according to the strain criterion (r, = 0.90). Since Equation (27) was calibrated

using data related to values of Sr > 0.5, it is valid only under these conditions and cannot
be applied to lower values of S;.
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The energy of the deformation of water (Equation (25)) is due to the changes in water
content. Equation (25) can be seen as the energetic contribution of the water content change,
where E,, };q is proportional to the integral of the water retention curve starting from a given
initial degree of saturation Sy.

Finally, the energy of deformation of air (Equation (26)) describes the effect of pressure
variation in the gas phase, where Vo is the volume of air at the beginning of the deviatoric
phase, while Vg, iq is the volume corresponding to liquefaction condition. Further details
regarding the energetic model can be found in [31,80].

Mele and Flora [80] confirmed the effectiveness of E, };q as a parameter ruling the in-
crease in liquefaction resistance from saturated (CRR;) to non-saturated conditions (CRRps)
at a given number of equivalent cycles. They proposed the following relationship between
Eyliq and ACRR (=CRRps-CRRs):

Ev,liq

E, lig 2
ACRRyjiy = —105.7 % () +102 x (28)

Pa Pa

In Figure 19, the experimental data are published together with Equation (28). It can
be noted that the theoretical curve proposed in Equation (28) fits the experimental results
better than the proposed relationship based on &,* (Figure 17). It is probably due to the fact
that Ey jiq is a complete approach, which also takes into account the work of air flowing

into pore networks, a factor neglected by the ¢,* approach.
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Figure 19. Comparison between the theoretical relationship proposed by Mele et al. [31] and experi-
mental data [27-29,31,32,51,68-70] (modified after Mele et al. [31]).

Equation (28) allows to predict the non-saturated cyclic resistance, and therefore to
plot the non-saturated cyclic resistance curve through a simple upwards translation of the
one from saturation conditions, under the simplified hypothesis that the non-saturated and
saturated cyclic resistance curves are parallel [29].

The reliability of the energetic approach to predict liquefaction resistance of partially
saturated soils can be confirmed using Figure 20, where some experimental data in the CRR-
Niiq plane are compared with simulated liquefaction curves using the energetic approach.

Figure 20. Comparisons between experimental data and liquefaction resistance curves simulated
with the energetic approach [33,69].
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6. IPS: From Small to Large Scale

In this section, the considerations on IPS will be extended to a real scale.

6.1. Desaturation of Soil in Real Scale: Methodologies, Durability and S,-Monitoring

As reported in Section 4.1, at the laboratory scale, the main methods to achieve
desaturated specimens are as follows: air injection, biogas produced by bacteria in the soil,
electrolysis and chemical methods. At a large scale, some of these methods are difficult to
apply. For example, on a real scale, chemical methods could be difficult due to their very fast
reaction with water, resulting in a low applicability of the process itself. On the other hand,
electrolysis produces unstable gases with respect to safety explosion hazards. Recently, air
injection and biogas produced by bacteria in the soil have been used in several applications.

Moug et al. [81] conducted field trials of microbially induced desaturation in Portland,
Oregon, underlain using liquefiable fine-grained soils. Field trials were performed by
injecting a substrate solution into the subsurface over a targeted treatment depth interval.
Acetate was used as an electron donor. The distribution of the treatment solution and the
progress of treatment were monitored using electrical conductivity (EC) measurements as
an indicator of fluid salinity. Indeed, the treatment solution had a greater salinity than the
native groundwater because microorganisms’ reaction produces either gas, solid minerals
or biomass. Therefore, EC is also a direct measure of substrate consumption. Moreover,
Vp, measurements indicated that S; was reduced to below 98.5%. In the same site, Soreson
et al. [82] monitored the persistence of desaturation for 8 months post-treatment. The
results indicated that S, reduction is persistent over this time. IPS also persisted through
seasonal fluctuations of the groundwater table since the end of treatment. This research is
still ongoing.

Another methodology to desaturate the soil is air injection. Unlike desaturation with
bacteria, which is a new technology, air injection is frequently used and for a long time. It
is used in the field of environmental engineering for the treatment of saturated soils and
groundwater tables contaminated by volatile organic compounds [83]. This treatment is
well known as air sparging.

Thomson and Johnson [84] showed a schematic representation of air distribution
during air injection (Figure 21). After a short period of “spherical” growth of the air zone in
the vicinity of the injection point, upward growth due to buoyancy will dominate; however,
some lateral growth may continue. Once the air zone reaches the water table, the air zone
contracts due to increased airflow to the surface. Indeed, when pressurized air is injected
into soils, air bubbles tend to rise through the ground surface, driven by buoyancy.

Figure 21. Schematic representation of air distributions during air sparging [84]. White arrows
indicate the direction of air.

Reddy and Adams [85] showed that the distribution of injected gas/air into the soil is
strongly affected by the kind of soil (Figure 22). In well-graded sands, the size of the zone
of influence compared to that of uniform sand increased due to lower air permeability and
the increased effect of tortuosity resulting from a wider range of grain-size distribution.
Heterogeneous soil profiles were subjected to airflow patterns that were combinations of
patterns observed in homogeneous soil profiles. Marulanda et al. [86] investigated the
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mechanisms controlling the flow of air through saturated porous media during air injection
through centrifuge tests.
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Figure 22. Airflow pattern in different soils: uniform (a) and well-graded (b) sands [85].

S; can be monitored through resistivity measures [87,88] and P-wave velocity [88].
Flora et al. [62] showed that resistivity measurements should be preferred in complex
stratigraphy because P-waves are faster at layer interfaces than the ones travelling in
partially saturated soil, and then, V;, can be mispredicted in situ.

Regarding durability, the research is ongoing. However, Okamura et al. [89] demon-
strated that bubbles can persist over time. At the Sekiya site, where sand compaction piles
were used to ameliorate the liquefaction resistance of loose sand deposits, a large amount
of air was exhausted from the casing pipe during sand pile installation, contributing to the
destruction of soils in the improved areas. After 26 years, V, measurements demonstrated
that the degree of saturation was lower than 1, and undisturbed specimens revealed that
Sr was about 92%. Moreover, Zeybek and Madabhushi [90] performed a series of 1 g
vertical sand columns and high-g centrifuge tests. Air-induced partially saturated soils
were prepared using an air injection technique. The test results showed that the majority
of entrapped air bubbles in soils can persist under several simulated field conditions for a
sufficient period of time, indicating the long-term reliability of the mitigation accomplished.
Indeed, the same authors, Zeybek and Madabhushi [90], investigated the durability of
entrapped air bubbles under 1D upward and downward vertical flow in sand column
tests. The tests revealed that the change in S, mostly took place within the first few hours
and remained almost unchanged afterwards. In other words, the majority of air bubbles
successfully remained entrapped in the voids of soils. They also examined the durability of
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air bubbles in soils under hydrostatic conditions at low and high fluid pressure, varying
pore fluid pressure and lateral excitation. Analysis of the experimental data suggested that
some of the entrapped air bubbles in the partially saturated soils lost their function under
these conditions, and this led to an increase in the degree of saturation of the specimens.
However, the magnitude of this increase was generally very small indeed.

Generally, desaturation with N is considered advantageous for the longevity of
ground improvement because N, has low solubility in the liquid phase. A potential
advantage of induced desaturation with bacteria, compared to air injection methods, is
that the gas is generated within the pores of the soil rather than being forced into the pores.
Air injection methods may be particularly problematic in the finer-grained liquefiable soils
with higher values of air entry-level pressure. In this case, air injection pressures may cause
fracturing and the introduction of large gas pockets rather than air bubbles distributed
throughout the pore fluid. On the other hand, air injection is easier to apply, with practical
aspects known due to studies on air sparging.

6.2. Effectiveness of IPS and Design Charts

The effectiveness of IPS at a large scale was demonstrated by Flora et al. [88]. The
testing site, located in the Pieve di Cento municipality, experienced widespread liquefaction
after the mainshock of the 2012 Emilia Romagna seismic sequence (My, 5.9 and My, 5.8
on May 20 and 29, respectively) [91,92]. Within the European project LIQUEFACT (www.
liquefact.eu), an extensive in-situ investigation was preliminarily carried out, aiming to
define the ground layering and mechanical behaviour of the soils. Ground investigation was
integrated with careful laboratory testing (monotonic and cyclic triaxial tests, oedometer
tests, cyclic simple shear and cyclic torsional shear tests) on both disturbed and undisturbed
specimens. Mitigation interventions were carried out in the shallowest liquefiable layer
(2.8 <z < 4.4 m) below the groundwater table, located at about 1.8 m below the ground
level. To measure excess pore water pressures and the vertical and horizontal components
of soil velocity, pore pressure transducers and bi-directional geophones were placed in each
area. A high-energy surface shaker was used to generate the cyclic action. Partial saturation
of the soil below the groundwater table was obtained by injecting pressurized air from
four sub-horizontal well screens. Five pore pressure transducers and two geophones from
the vibrating source were placed into the ground at different depths (z). To evaluate the
effectiveness of IPS at a large scale, the results of the shaking tests in the treated area were
compared with those in the untreated area. The recorded horizontal acceleration on the
base plate of the shaker presents a maximum value of 2.5 g, with a frequency of 10 Hz and a
duration of 100 s. Figure 23 shows the comparison between the pore pressure increments in
the untreated and treated areas with IPS, highlighting how partial saturation significantly
reduces excess pore pressure build-up.

1.00
0.80
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&-4:
0.40 —e—Untreated
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0 100 200 300

Time (s)

Figure 23. Comparison between the excess pore pressure ratio time histories in treated and untreated
areas at 1.5 m (modified after Flora et al. [88]).

Even though the effectiveness of IPS as a mitigation technique against liquefaction has
been verified at small and large scale, this technology is still far from being currently used,
also because of the lack of design tools. To contribute to bridge this gap between scientific
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evidence and engineering practice, a simple design approach for IPS based on the energetic
considerations mentioned previously is presented.

Empirical charts linking CRR to well-known in situ tests results (qcines and (N1)eocs
for CPT and SPT tests, respectively) are common design tools. In order to keep using them
to design an IPS intervention, the increment in resistance caused by desaturation has to be
introduced to have new, higher values of resistance (CRRs). CPT and SPT-based CRRyg
curves of partially saturated soils can be easily obtained using the energetic approach
proposed in the previous section.

Boulanger and Idriss [93] proposed charts to quantify the cyclic resistance ratio
CRRy = 75,0'v = 1 of saturated soils as follows:

CRRM-75010-1 = exp<‘7€11%“ + (qfégg)Z - (‘701%”)3 + (”’611377“)4 - 2.8) CPT (29)
and
N1 60cs Nieoes \*  ( Nygocs \° Nie0cs \*
CRRM=750m0=1 = exp ( 141 ( 126 ) - ( 236 ) + ( 254 > - 2‘8> SPT. (30)

Using the energetic approach, the CRRys curves can be obtained (Figure 24a,b) by
summing ACRR (Equation (28)) to Equations (29) and (30) for the desired degrees of
saturation (in Figure 24a,b equal to 98, 95, 93, 90, 85 and 80%) and void ratio (it is possible to
calculate Dy as a function of qcines and (N1)gocs; see, for instance, Boulanger and Idriss [93]).
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Figure 24. CPT (a) and SPT (b)-based liquefaction triggering curves for partially saturated soils
(modified after Mele [28]).

As discussed above, the upward translation of the saturated curves is possible because,
for high values of Sy, there is no mechanical effect of suction on the soil skeleton (i.e., qciNes
and (Nj)g0cs remain constant), even though air and water pressure are slightly different.

The liquefaction risk can be evaluated by comparing the cyclic resistance ratio (CRR)
with the cyclic stress ratio (CSR), defined as follows:

\Y%

CSR = 0.652max Ov . (31)
g o

where oy and o’y are the vertical totals and effective stresses at depth z, amax is the max-
imum horizontal acceleration, g is the gravity acceleration, and rq is a reduction fac-
tor accounting for soil deformability, whose expression can be found in Boulanger and
Idriss [93]. Given CRR and CSR, a safety factor (FS) can be quantified for each depth
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(FS(z) = CRR/CSR)). Saturated soils are susceptible to liquefaction if CSR > CRR, and
therefore, FS is lower than 1. The charts in Figure 24 can be used to identify the degree of
saturation required in situ to achieve the desired increment in resistance corresponding to
the targeted margin of safety. A design example will be shown in the following section.

Use of the Proposed Design Charts for IPS Technique

The case study of Treasure Island (San Francisco, California) can be used as an example
to show how to apply the IPS design procedure described in §6.2. Treasure Island is a
400-acre man-made island located immediately northwest of Yerba Buena Island, a rock
outcrop in San Francisco Bay. During the 1989 Loma Prieta earthquake, the island was
affected by soil liquefaction and other liquefaction-related phenomena (sand boils and
lateral spreading) [94]. The soils on Treasure Island may be grouped into four broad
categories: the fill material (hydraulic fill) until 13 m from the ground surface, recent bay
sediments (Young Bay Mud) from 13 to 28.8 m, native shoal sands (fine to medium sand)
from 28.8 to 41.2 m and older bay sediments (Old Bay Clay) from 41.2 to 88 m, at which the
bedrock is assumed. The groundwater table is at a depth of 4 m from the ground surface
(Figure 25a). CPT test data are available. For the equivalent corrected CPT tip resistance
values, qcincs, profiles have been achieved considering an average FC equal to 15% [95]
(Figure 25b). The potential for the occurrence of liquefaction was evaluated by computing
the safety factor (FS). The comparison between CRR (Equation (29) and CSR (Equation (31),
using amax = 0.234 g and introducing the magnitude scaling factor (MSF) to account for
the effect of the considered magnitude equal to 6.1; [95]), highlights (Figure 25c) that the
hydraulic fill layer (4 < z < 13 m) is potentially liquefiable (FS < 1). Hypothesizing the use
of IPS, the charts reported in Figure 24a can be used to define the decrease in the degree of
saturation needed to improve the in situ soil capacity.

FS— 1
AR T GeiNes CRR; CSR
; Hydraulic 0 50 100 150 0 0.1 02
1133 fill ! 0 > >
(PSR H 0
Young _
Bay Mud 2 ——qclNcs 2 CRR
- 283 ——average TSR
g Fine to 4 & 4
N 410 medium sand
6 6
— ~—
) g
i ~ 8 < 8
Old Bay
Clay 10 10
12 12
88.0
Franciscan 14 14
100 Bedrock

(a) (b) ()

Figure 25. Stratigraphy profile of Treasure Island (a), qcines profile (b) and results of susceptibility
analysis (c) in the upper hydraulic fill (z < 13 m).

The partial saturation of the soil below the groundwater table can be obtained by
injecting pressurized air from sub-horizontal well screens deployed in rows at a depth of
9 m from the ground level, where FS is lower than 0.70 (Figure 26a). In order to guarantee
a safety factor FS higher than 1, soil capacity CRR should overcome CSR,max. At 9.0 m
(ge1Nes = 55), CRR should be at least 0.13. The design chart reported in Figure 26b shows
that S; should be at least 95-98%.
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Figure 26. FS profile (a) and use of design chart to choose Sr to apply (b).

Assuming an extension of the soil volume to be treated [62] in terms of length
(L1 =10 m), width (L, = 4 m) and depth (L3 = 9 m) and considering the mean soil void
index (and therefore the void volume V), the air volume V, to be injected can be quantified
(St = (Vy-Va)/Vy). Considering all air retained by the soil, 7.4 m? of air should be injected.
A slight increase (of about 20%) is suggested to account for a certain percentage of injected
air lost through the boreholes (V,i; ~ 9 m3). The air must be pumped into the pipes at a
pressure (p) high enough to overcome the water hydrostatic pressure but not so high as
to generate soil displacement or erosion (i.e., p < 90 kPa for the considered depth). It is
worth noting that the degree of saturation can be checked in situ through measurements
of compression wave velocity (Vp) and soil resistivity (p), both of which are sensitive to
changes in soil saturation degree.

7. Effect of IPS under Shallow Foundations

Induced Partial Saturation (IPS) is considered one of the most innovative and promis-
ing techniques against liquefaction due to its low cost, eco-sustainability and its applicability
in urbanised areas, where the need to reduce the risk of liquefaction must be addressed by
taking into account the integrity of the existing buildings [96,97]. Therefore, it is important
to investigate the effects of IPS under buildings.

Among others, Marasini and Okamura [41] and Zeybek and Madabhushi [43] inves-
tigated the liquefaction response of air-injected partially saturated soils beneath shallow
foundations by performing a series of centrifuge tests with different bearing pressures.

In particular, Zeybek and Madabhushi [43] performed six centrifuge tests at two
different bearing pressures (50 and 150 kPa) with degrees of saturation ranging between
80 and 100%. The centrifuge models were prepared and spun at a nominal centrifugal
acceleration of 70 g. The schematic illustration of centrifuge models is already shown
in Figure 6a. Zeybek and Madabhushi [43] showed that forming spatially distributed
partially saturated zones in the liquefiable soils limited the development of high excess
pore pressures and liquefaction susceptibility of soils, particularly under higher confining
stresses (Figure 27a). Moreover, the reduction in the degree of saturation of soils increases
the resistance of soil to bearing capacity failure. Additionally, Zeybek and Madabhushi [43]
showed that lower degrees of saturation decrease foundation settlements (Figure 27b). The
effect of the degree of saturation on reducing foundation settlements is also dependent on
the stress level, and the success of air introduction as a liquefaction mitigation measure is
expected to be improved more beneath heavier structures.
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Figure 27. Centrifuge test results in terms of excess pore pressure (a) and settlements (b) with time
for different degrees of saturation (modified after Zeybek & Madabhushi [43]).

Zeybek and Madabhushi [42] investigated the influence of air injection on liquefaction-
induced deformation mechanisms beneath shallow foundations, performing centrifuge
tests. First of all, they showed that in saturated soils, the deviatoric and volumetric components
of shallow foundation settlements are both important, even though the deviatoric strains
seem to dominate. Different experimental observations were found when air was injected
beneath shallow foundations. In this case, foundation settlements can occur in three differ-
ent phases: during air injection, during seismic event, and after it, during the dissipation
of excess pore water pressure. Zeybek and Madabhushi [42], through the particle image
velocimetry (PIV) technique, evaluated soil displacements under shallow foundations
during the three phases mentioned above. They showed that in the partially saturated soils,
the deviatoric type of deformations under static and dynamic stresses was significantly
minimised by the presence of air bubbles, and a complete bearing failure mechanism under
the shallow foundation did not occur. However, partial bearing failure can occur during
air injection. Indeed, the replacement of pore fluid within the voids of soil by occluded air
bubbles occurring during the air injection process can lead to upward migration of pore
fluid within soil deposits. It means that in the upper part of soil layers with low confining
stresses, the effective stresses drop significantly, and flow-induced liquefaction can take
place at these locations. Therefore, it can be suggested that the desaturation of soils beneath
existing foundations requires a well-controlled air injection process and close monitoring
of foundation response.

In partially saturated soils, the volumetric deformation mechanism due to increased
soil compressibility was found to be the primary cause of settlements. In Table 1, the
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mechanisms of deformations in partially saturated soils under shallow foundations can
be summarized.

Table 1. Mechanisms of deformations in partially saturated soils under shallow foundations (modified
after Zeybek and Madabhushi [42]).

Type of Deformation

Mechanisms of Deformation

During Air Injection During and after Seismic Event
Positive volumetric strains due to the
decrease in effective stress induced by Positive volumetric strains due to the increase
) upward flow and due to the increase in in the compressibility of soil matrix;

Volumetric the compressibility of soil matrix;

Negative volumetric strains (expansion)  Limited volumetric strains due to the

due to the coagulation of air bubbles and  re-consolidation during the dissipation of

upward air escape. excess pore pressures.

Localised and partial bearing failure due  Limited bearing capacity failure;
Deviatoric to strength loss in the foundation soil Limited cumulative foundation settlements

during upward flow. due to shear deformation.

Based on the experimental results of Zeybek and Madabhushi [42], Zeybek and Mad-
abhushi [98] proposed to calculate liquefaction-induced settlements of partially saturated
soils under shallow foundations by neglecting the deviatoric component. They proposed to
estimate settlements by summing the settlement related to the compressibility of the fluid
phase with the volumetric strains due to the dissipation of excess pore water pressure [99].

However, it is important to mention that although IPS can reduce structural settle-
ments, it tends to amplify structural accelerations. Further studies are needed to better
understand this aspect.

8. Discussion and Conclusions

Among several countermeasures against liquefaction, Induced Partial Saturation (IPS)
is considered one of the most innovative and promising techniques due to its low cost, eco-
sustainability and its applicability in urbanised areas. However, some believe that several
“application issues” should be solved before this technique becomes common among
practitioners. The main aim of this review is to raise questions and foster discussions among
researchers in order to improve knowledge on this topic and overcome the drawbacks
linked to in situ applications.

In the first part, insight into the characteristics and behaviour of partially saturated
soils is provided. In particular, results from cyclic laboratory tests highlight that the
presence of air/gas bubbles in specimens can improve liquefaction resistance due to an
increase in fluid compressibility. Several parameters have been proposed in the literature
to be responsible for the increase in the liquefaction resistance of partially saturated sands
compared to saturated ones. Among those, the most promising is a new state parameter:
the volumetric energy to liquefaction (E, };q), which stems from the well-known potential
volumetric strain (ev*) proposed by Okamura and Soga [27]. E, };q seems to be linked to the
increase in the liquefaction resistance of partially saturated sands compared to saturated
ones. It means that knowing the liquefaction resistance of saturated sands allows for
estimating that of partially saturated ones, even though it is important to emphasize that
the estimation of liquefaction resistance of partially saturated sands from cyclic laboratory
tests should be used with extreme care. Indeed, the low-loading frequency of cyclic
tests can strongly affect the solubility of gas in water (Fick’s law). As a consequence,
higher volumetric strains can be recorded at the laboratory scale than those obtained
during real earthquakes (higher frequencies). In other words, liquefaction resistance can
be overestimated.

Ascertaining the effectiveness of IPS to mitigate liquefaction risk, it is important to
clarify several aspects linked to the in situ application of IPS.
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First of all, it is worth discussing how to desaturate. Several methods have been
proposed in the literature, the main ones being air injection, denitrification induced by
bacteria, electrolysis of water and chemical methods. According to the authors, air in-
jection and denitrification are the most promising. Air injection is well known among
environmental engineers for decontaminating sites from unhealthy volatile substances (air
sparging). However, it generates a non-uniform distribution of air bubbles in the soil. On
the contrary, denitrification induced by bacteria can produce uniform nitrogen bubbles that
are uniformly distributed within the soil deposit. Moreover, the low solubility of N, in
water can guarantee higher durability of the bubbles. The longevity of gas bubbles within
the water matrix of soil is a key point in the study of IPS. Preliminary results seem to show
that bubbles can persist for long periods of time (more than 26 years). However, further
studies are needed.

The IPS-treated volume of soil can be estimated using V}, and resistivity measures.
Indeed, both of them are linked to the S; of the soil.

Moreover, due to the lack of design tools, IPS, as a countermeasure against liquefaction,
is not yet common among practitioners. However, recently, some design charts have been
proposed. They have been built using the state parameter, E,}q, and they allow the
identification of the Sr to apply in situ to have a desired value of safety factor (FS). An
example is also provided.

In the last part, a brief insight into the effects of IPS under shallow foundations is
presented. As expected, results from centrifuge tests show that excess pore water pressure
decreases when S, is lower than 1. Consequently, earthquake-induced settlements of
shallow foundations decrease compared to those recorded in saturated soils. However,
several results show that structural accelerations are generally amplified. Further studies
are needed to clarify this important aspect of buildings.

In conclusion, IPS, as a countermeasure against liquefaction, is effective, economical
and eco-friendly; however, continued research is required, especially to improve the knowl-
edge of practical aspects. Good research will allow to improve engineering applications.
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